Objective The aim of this study was to evaluate PET/FDG metabolic parameters in locally advanced GEJC and correlate it with molecular pathological profiles. Methods We retrospectively analyzed data from 66 patients with a histopathological diagnosis of GEJC who had undergone 18 F-FDG PET/CT before surgical resection. Maximum standardized uptake (SUV max ), mean standardized uptake (SUV mean ), metabolic tumor volume (MTV), and total lesion glycolysis (TLG) of the primary tumor were measured and calculated using the region of interest (ROI) technique. The relationship between metabolic parameters and the Lauren's classification, histologic differentiation, Ki-67 staining and positivity for human epidermal growth factor receptor 2 (HER2), c-Met, and epidermal growth factor receptor (EGFR) were investigated through immunohistochemical (IHC) analyses. Results Of the total 66 patients, significant differences were observed between intestinal and non-intestinal (mixed and diffuse) adenocarcinomas in SUV max (8.23 ± 2.83 vs. 6.29 ± 2.41, P = 0.008), SUV mean (4.85 ± 1.47 vs. 3.93 ± 1.22, P = 0.017), MTV (24.96 cm 3 vs. 8.90 cm 3 ; P = 0.004), and TLG (97.38 cm 3 vs. 37.09 cm 3 , P = 0.005) values. SUV max , MTV, and TLG of moderately differentiated adenocarcinomas were significantly higher than those of the poorly differentiated ones. SUV max was significantly higher in tissues with a higher Ki-67 index or in the c-MET-negative group (P = 0.045, P = 0.036). No significant correlation was found between metabolic parameters and the expression of HER2 or EGFR in GEJC.
Introduction
The incidence of gastroesophageal junction carcinoma (GEJC) has dramatically increased over the last few decades and it is currently a major cause of cancer-related morbidity and mortality worldwide [1, 2] . Although there has been progress in the development of cytotoxic chemotherapy for GEJC, the outcomes remain poor, especially in advanced disease, as the treatment strategy and prognosis depend on multiple factors, including histological grade, stage of the disease, presence and extent of lymph node metastasis, and extent of lymph node dissection [3, 4] .
Recently, a genomic analysis of GEJC, reported in the Cancer Genome Atlas (CGA), has revealed that the molecular features and candidate pathways of GEJC differ from that of oesophageal carcinoma (EC) and gastric carcinoma (GC).
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Specifically, recurrent co-amplification of members of the receptor tyrosine kinase (RTK) family, such as epidermal growth factor receptor (EGFR), MET, and cell cycle regulators like the human epidermal growth factor receptor 2 (HER2) have been described [5, 6] , and overexpression of these markers has been reported to be associated with pharmaceutical development and poor prognosis in GEJC [7] [8] [9] . Thus, characterizing GEJC into subtypes based on histology and genotype will provide a roadmap for tumor characterisation, patient stratification, and thereby, personalized medicine.
Histological and immunohistochemical (IHC) analysis are the standard methods used to define the pathological features and mutation marker expression in GEJC, but these procedures are both invasive and postoperative. Thus, alternate non-invasive strategies for predicting these profiles, such as 18 F-FDG PET/CT, offer great value [10] . This multimodality imaging system co-registers metabolic and morphologic data and is recognized as a useful diagnostic technique in many malignant tumors, including GEJC. Lee et al. [11] have reported that 18 F-FDG PET/CT has a high detection rate in advanced gastric cancer, including metastases. Kim et al. have demonstrated that diffuse-type adenocarcinoma, classified according to the Lauren classification, has a low maximal standardized uptake value (SUV max ) in patients with locally advanced GC [3] . Jia et al. have reported that PET/CT can potentially predict tumor phenotype, such as its MET or EGFR mutation status, in GEJC and gastric cancer [12] . However, some recent studies have shown inconsistent results while using the 18 F-FDG PET/CT to evaluate recurrent GEJC and GC, and there are concerns that its low diagnostic sensitivity may limit its usefulness.
Recent investigations on metabolic tumor volume (MTV) and total lesion glycolysis (TLG), which represent tumor burden, have demonstrated a significantly higher predictive value for these two parameters compared to SUV max [13] [14] [15] [16] . However, these studies have provided limited data on whether metabolic parameters of GEJC lesions are related to histopathologic features and molecular markers.
Thus, the aim of this study was to retrospectively analyze data from GEJC patients who had undergone tumor staging by 18 F-FDG PET/CT at our institution to evaluate any potential relationship between preoperative pathological features and molecular marker expression associated with higher values of select metabolic parameters such as SUV max , SUV mean , MTV, and TLG. Significant predictors of 18 F-FDG-avid lesions were used to stratify GEJC patients after lesion detection and for making treatment decisions.
Materials and methods

Patients
This study was performed after approval by the Investigational Review Board of the Peking University Cancer Hospital. The requirement to obtain informed consent was waived due to the Ethics Committee of Peking University Cancer Hospital. Data from consecutive patients evaluated between January 2010 and December 2015 at the Beijing Cancer Hospital were retrospectively screened from Electronic Medical Records System for inclusion according to the following criteria: (a) histologically proven GEJC; (b) no prior local treatment or systematic chemotherapy; (c) pretreatment 18 F-FDG PET/CT scan; (d) should have undergone a radical total or subtotal gastrectomy; (e) the presence of complete medical history and clinicopathological data. The exclusion criteria were (a) secondary malignant disease; (b) serious infection or inflammation (e.g., HIV); or (c) hepatic or renal dysfunction.
F-FDG PET/CT
Preoperative 18 F-FDG PET/CT scans and intravenous injection dose were performed by technologist and nurse in Department of Nuclear Medicine of Peking University Cancer Hospital. The time interval between PET/CT examination and surgery is 30 (2-223). Patients were instructed to fast for at least 6 h before the scan to ensure serum glucose levels of < 10 mmol/L. 18 F-FDG was intravenously administered at a dose of 3.7 MBq/kg. At approximately 60 ± 10 min post-injection, a whole-body acquisition was performed in 6-8 bed positions (1 min/bed) using a hybrid system (PHILIPS Gemini TF) that covered the area from the base of the skull to the upper thigh. A non-contrastenhanced CT was acquired using the following settings: modulated 100 mAs, 120 kV, and slice thickness of 3 mm for attenuation correction and anatomical localization purposes. Head image acquisition was performed in one bed position (8-10 min/bed). For reconstruction, attenuationweighted ordered-subsets expectation maximization (AW-OSEM) iterative algorithm with 4 iterations and 8 subsets, Gaussian filter with 4.0 mm full width at half maximum (FWHM), and scatter correction were used. Attenuation correction was based on the portal venous phase of the whole-body CT scan.
Quantitative PET parameter computation
Two physicians experienced in nuclear medicine were assigned to blindly and independently interpret each patient's PET images and data at a PHILIPS EBW workstation. The following parameters were calculated in 3D mode using vendor-provided software, namely, maximum standard uptake volume (SUV max ), mean SUV (SUV mean ), metabolic tumor volume (MTV), and total lesion glycolysis (TLG). MTV was estimated using the adaptive threshold method [17] for each primary gastric lesion, by selecting a volume of interest (VOI) on the axial image, and the size of VOI was verified on the corresponding coronal and sagittal images to include the entire tumor in the VOI. TLG was calculated as the product of SUV mean and MTV.
Histopathologic classification
All GEJC diagnoses were provided by specialty-trained gastrointestinal pathologists. Sections of 4 µM thickness were cut from wax blocks, mounted on to poly-l-lysine coated microscope slides, sections stained with haematoxylin and eosin, and used for histopathologic determinations, such as tumor category, histological grade, Lauren classification, and the presence of lymph node metastasis.
Immunohistochemistry
Immunohistochemistry was performed using the PowerVision Two-Step Histostaining Reagent (ImmunoVision Technologies, Brisbane, CA). Briefly, formalin-fixed, paraffin-embedded blocks were cut into 4-μm-thick sections, deparaffinized in xylene and rehydrated. Antigen retrieval was performed using EDTA (pH 8.0; Santa Cruz Biochemistry, Dallas, TX) in a pressure cooker for 3 min. The sections were the incubated in 3% H 2 O 2 solution for 10 min at room temperature to block endogenous peroxidase activity.
Each section was assessed via semiquantitative analysis. HER2 immunohistochemical staining was performed for all tumors using anti-HER2 rabbit polyclonal antibodies (clone 4B5, Ventana, Rotkreuz, Switzerland) on a Ventana Benchmark XT automated staining platform with an iView 3,3′-diaminobenzidine tetrahydrochloride (3,3′-diaminobenzidine) detection kit (Ventana), according to manufacturer's instructions. A previously described scoring system was used [18] . Briefly, cases with < 10% discernible membrane staining or totally negative staining were scored as 0 + ; cases with weak and/or incomplete basolateral or membrane staining requiring magnification of at least 200 × to confirm positivity were scored as 1 + ; cases with weak to moderate, continuous basolateral, or membrane staining that was not readily apparent at low (40 ×) magnification were scored as 2 + ;and cases with strong basolateral or membranous staining that could easily be detected at low magnification were scored as 3 + . HER2 was considered positive for IHC scores of 2 + or 3 + .
Immunohistochemical staining of Ki-67 was conducted at the Peking University Cancer Hospital. It was automatically performed using a primary antibody against Ki-67 (Clone MIB-1; DAKO, USA); the staining intensity was scored as 1 if < 75% of tumor cells were stained and 2 if ≥ 75% of tumor cells were stained. A score of 1 was interpreted as Ki-67-low, whereas scores of 2 were considered Ki-67-high.
EGFR and c-MET were automatically stained using the CONFIRM anti-EGFR (EP38Y) primary antibody (Dako EGFR pharmDx kit) and the CONFIRM anti-total c-MET (SP45) rabbit monoclonal primary antibody (Ventana Medical Systems). Membrane staining intensity in terms of EGFR was scored as previously described [19] . Briefly, cases of no reactivity or membranous reactivity in < 10% of the tumor cells were scored as 0; cases of faint/barely perceptible membranous reactivity in at least 10% of the tumor cells or cells with partly reactive membranes were scored as 1 + ; cases presenting weak to moderate complete or basolateral membranous reactivity in at least 10% of the tumor cells were scored as 2 + ; and cases presenting moderate to strong complete or basolateral membranous reactivity in at least 10% of the tumor cells were scored as 3 + . EGFR was considered positive if the IHC score was 2 + or 3 + . Membrane staining intensity in terms of c-MET was evaluated as previously reported [20] . Briefly, staining patterns were scored as follows: cases presenting no or some reactivity in < 50% of the tumor cells were scored as 0; cases presenting weak or higher membranous reactivity in at least 50% of the tumor cells but moderate or higher membranous reactivity in < 50% were scored as 1 + ; cases presenting moderate or higher membranous reactivity in at least 50% of the tumor cells but strong membranous reactivity in < 50% of the tumor cells were scored as 2 + ; and cases presenting strong membranous reactivity in at least 50% of the tumor cells were scored as 3 + . An intensity score of 2 + or 3 + was considered positive expression. All slides were independently evaluated and scored by two pathologists who were blinded to the patient data. Cases with disputed scores were re-examined under a discussion microscope.
Statistical analysis
Statistical analysis was performed using SPSS software 23.0, (Inc.). Data are presented as mean ± SD or median (Q1-Q3), depending on normality of distribution. The independent t test, one-way ANOVA, and Pearson's Chi-square tests were used to evaluate significant differences between continuous and categorical variables, respectively. Correlation between variables was computed using the non-parametric Spearman correlation test. Receiver operating characteristic (ROC) curves were used to define optimal cut-off values for SUV max , and sensitivity and specificity of the predictive ability of Ki-67 and c-Met expression. The threshold for statistical significance was set at P = 0.05.
Results
Patient characteristics
Records of 812 patients were screened, among which 66 cases constituted the study dataset (Fig. 1) .
The clinical characteristics of the 66 patients whose data were analyzed in this study are summarized in Table 1 . The median age of the patients was 64 years (range 48-80 years), and 59 of these patients (89%) were men. Thirty-one patients (47%) had intestinal type lesions, while 35 (53%) cases were non-intestinal; 43% of adenocarcinomas were moderately differentiated, 41% were moderately poorly differentiated, and 16% were poorly differentiated. Lymph node metastasis was detected in 42 cases.
The (Fig. 2) . Correlation analysis revealed a mild correlation between Lauren's classification and the four metabolic parameters analyzed (P < 0.05 for all), namely, SUV max , SUV mean , TLG, and MTV (r = 0.27).
Moderately differentiated adenocarcinomas exhibited significantly higher SUV max (8. (Fig. 3) . No correlation was found between SUV mean and tumor differentiation (P = 0.066). Further, intestinal adenocarcinoma that were moderately differentiated had significantly higher SUV max , MTV, and TLG values than non-intestinal and moderately poorly or poorly differentiated tumors (P = 0.046, P = 0.001, and P = 0.001, respectively; Table 2) . 
Ki-67 index
Patients were categorized into 2 groups according to IHC staining for Ki-67, i.e., Ki-67 expression ≥ 75% (n = 22) and Ki-67 expression < 75% (n = 30). There was a significant difference in SUV max between GEJC with higher Ki-67 index and lower Ki-67 index (6.97 ± 2.15 vs. 8.49 ± 3.20; P = 0.045; Table 1 , Fig. 4) , while there were no significant differences in SUV mean , MTV, and TLG between these two groups. ROC analysis showed that the optimal cut-off value for adequate sensitivity and specificity of SUV max as a predictor for Ki-67 expression was 7.27 (sensitivity 68.2% and specificity 70.0%). Lesions with SUV max greater than this optimal threshold might have higher Ki-67 expression.
Molecular tumor markers
c-MET overexpression was observed in 54 patients; of these 7 (13.0%) were scored as c-MET-positive and 47 (87.0%) as negative. The expression of c-MET was significantly correlated with SUV max (P = 0.036), but not with SUV mean , MTV, or TLG values (P = 0.490, 0.361, and 0.321, respectively, Table 1 , Fig. 4 ). c-MET-negative GEJC had a higher SUV max value (6.43 ± 1.03) than c-MET-positive cases (7.69 ± 2.84). The threshold value of SUV max as a predictor of c-MET expression was 7.01 with a sensitivity of 85.7% and a specificity of 61.7%.
EGFR analysis was performed in samples from 54 patients; of these, 22 were EGFR+ and 32 were EGFR− . Fig. 2 The relationship between the Lauren classification and metabolic parameters Fig. 3 The relationship between the histologic grade and metabolic parameters metabolic parameters. However, it was observed that c-MET expression correlated with EGFR expression in GEJC patients (P = 0.011, Fig. 5 ). HER2 overexpression was analyzed in 56 patients (for there were 2 patients who have only experienced HER2 test but not c-MET or EGFR) with GEJC, and 24 were HER2+ while 32 were HER2− . No differences were seen between HER2+ and HER2− cases with respect to SUV max (7.31 ± 3.03 vs. 7.60 ± 2.41, P = 0.693), SUV mean (4.51 ± 1.66 vs. 3.93 ± 1.22, P = 0.857), MTV (13.54 cm 
No correlation was found between EGFR expression and
Discussion
We show that tumor metabolism, measured by SUV mean , SUV max , MTV, and TLG of 18 F-FDG PET/CT, correlate with some pathological features and mutation marker expression in patients with GEJC. The strong predictive value of SUV max could also be confirmed with the Ki-67 index and c-Met mutation status. However, we found no association between metabolic parameters and HER2 or EGFR expression status in GEJC.
Accurate preoperative staging is essential to determine the most effective treatment modality in patients with resectable GEJC lesion [21] . The current standards for staging of gastric cancer use CT, gastroscopy, and laparoscopy. The routine use of 18 F-FDG PET/CT in preoperative staging is considered to be of limited value because of its varied sensitivity (21% to 100% [22, 23] ) in detecting primary GEJC lesions and lymph node metastases, suggesting that multiple factors influence the magnitude of 18 F-FDG uptake in GEJC lesions. This may be explained by the fact that GEJCs indeed comprise a heterogeneous group of tumors with dissimilar biological characteristics, which in turn can lead to divergent metabolic and bioenergetic properties. Thus, 18 F-FDG PET/CT results may be useful in supporting clinical decision making, selecting patients who may benefit from staging, monitoring Several studies have reported higher 18 F-FDG uptake values in intestinal type lesions than diffuse-type lesions, as classified according to the Lauren classification [22, 24] . Low 18 F-FDG uptake in some GEJC and GC may be explained by the higher extracellular mucin content and a greater dispersion and dilution of the tumor cells [25] . Here, we not only show that the Lauren intestinal type GEJC had higher SUVs (both SUV mean and SUV max ) than the non-intestinal type, but also that this type of GEJC displays higher MTV and TLG, which are volume-based parameters that also provide metabolic information on metastatic lesions, treatment response, and prognosis. Similar results were found in the correlation between primary tumor 18 F-FDG uptake and its histologic grade. Specifically, we observed that moderately differentiated GEJC had higher metabolic parameters than poorly differentiated lesions, and that histologic grades were closely related to SUV max , MTV, and TLG. We also stratified GEJC by both the Lauren classification and its histologic grade, and found that the intestinal type and moderately differentiated lesions were frequently 18 F-FDG-avid rather than non-avid, whereas the reverse was true for non-intestinal poorly differentiated tumors.
It has been previously reported that the intestinal type or well-differentiated tumor with a high Ki-67 index, a cellular proliferation marker, is associated with a more favorable prognosis in patients with advanced GEJC and GC [26] [27] [28] .
Even though many studies have demonstrated a correlation between SUVs and the Ki-67 index in many solid tumors, such as lung cancer [29] , breast cancer [30] , or oesophageal cancer [31] , the predictive value of SUVs with respect to Ki-67 status in GEJC remains unclear. In this context, our results, which show an excellent correlation between Ki-67 index and SUV max , can be used to predict Ki-67 expression in the primary GEJC lesion.
Further, identifying these 18 F-FDG-avid predictors in GEJCs, as mentioned above, could enable the use of the 18 F-FDG PET/CT with greater confidence for assessing the extent of disease before planned surgical resection or surveillance for recurrent disease.
At present, treatment decisions for GEJC are based on pathologic assessment of the resected tissue specimen, and perioperative systemic chemotherapy is used in most patients with locally advanced disease. Currently, targeted therapies are being increasingly incorporated into the therapeutic algorithm because of the availability of data from genomic analysis. Amplification of genes such as HER2, EGFR, and c-MET in GEJC makes them suitable molecular targets for targeted therapies and immunotherapy. Accurate evaluation of the expression status of these markers can help identify GEJC patients who will respond best to such targeted therapies. However, the diagnostic applicability of molecular markers remains challenging owing to considerable intra-tumoral heterogeneity of the GEJC, which can lead to sampling errors. The PET/CT is a molecular imaging technique widely used in the diagnosis and staging of malignant tumors, and the identification and validation of imaging biomarkers that can predict overexpression of HER2, EGFR, and c-MET in tumors would be a welcome tool, particularly if they can contribute toward making effective treatment decisions.
In clinical practice, HER2 was the first and only membrane-bound RTK to be successfully targeted in the treatment of patients with GC and GEJC [32] . Many studies have attempted to reveal the relationship between HER2 expression and FDG metabolism; however, the results remain controversial [10, 33] . Specifically, while some studies have reported that the SUV max is significantly lower in HER2-positive group than in the HER2-negative group [10] , others have drawn the opposite conclusion [33] . Consistent with results reported by Celli et al. [34] , our data demonstrate that there is no significant difference in SUV max between HER2 + and HER2− groups, implying that this marker cannot be used to predict the HER2 expression status of GEJC on initial staging.
Until recently, targeting the HGF/MET axis with monoclonal antibodies or small-molecule inhibitors has not led to compelling efficacy in patients with GEJC/GC. Alternative biomarkers, other than determining MET status by IHC, might be required to guide patient selection and for achieving meaningful use of these anti-HGF/MET treatments. In this study, we observed patients with SUV max below 7.01 displayed a higher possibility of c-MET overexpression. This promising result suggests that SUV max is a potential marker to select GEJC tumors that will respond to MET inhibitors. Unfortunately, metabolic parameters failed to predict EGFR expression in GEJC patients.
To the best of our knowledge, this is the first study that has investigated whether the tumor metabolic burden can predict the pathological profile and molecular markers in GEJC. However, our study was partly limited by its retrospective design and the small sample size.
Conclusion
The intestinal type and moderately differentiated GEJCs have higher SUV max , MTV, and TLG than the non-intestinal and poorly differentiated types. SUV max was significantly higher in lesions with a high Ki-67 index or those that are c-Met-negative. No significant correlation was found between metabolic parameters and the expression of HER2 and EGFR in GEJC. 18 F-FDG PET/CT may be useful in predicting the pathological characteristics and molecular markers of GEJC, and for determining appropriate and effective therapeutic strategies. Lastly, large prospective studies are needed to confirm our results and determine whether metabolic imaging can indeed be used to determine the pathological profiles GEJC lesions.
